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ABSTRACT

Author: Agarkar, Varad Vinayak. MS
Institution: Purdue University
Degree Received: August 2018
Title: Synthesis of Stable Open-Shell Moieties and Polymers for Charge Transfer Applications
Committee Chair: Dr. Bryan W. Boudouris

Open-shell small molecules and non-conjugated polymers containing open-shell moieties
as pendant groups have been of significant interest lately with regards to liquid crystalline
materials, polymerization initiators, and in electrical conductivity applications. The research
presented in this thesis focuses on the latter application and especially on tuning the optoelectronic
properties of a novel class of small molecules viz. the 6-oxoverdazyl radicals and, as a result, is
broadly divided into two parts.
The former part consists of designing a low glass transition temperature polymer for
attainment of high electrical conductivity values not reported previously for non-conjugated
pendant radical polymers. The high conductivity value results from the low glass transition
temperature of the polymer, which allows for thermal annealing. In turn, this causes the formation
of a percolation network of pendant nitroxyl moieties. The alignment that occurs on annealing at
a temperature higher than its glass transition temperature leads to the formation of a redox-active
site network thus facilitating the charge transfer.
The latter part of the thesis deals with the design and functional group modification of the
6-oxoverdazyl species. The modification aims at tuning the opto-electronic properties of the
radical small molecule species and also to induce stacking amongst the molecules thereby reducing
the effective distance between them. The latter half of the thesis also encompasses miscellaneous
projects involving synthesis of an open-shell ligand species for the construction of a radical
perovskite

structure

and

fabrication

of

a

poly(3-alkyl

thiophene)-b-poly(2,2,6,6-

tetramethylpiperidinyl-N-oxyl methacrylate) [P3AT-b-PTMA] di-block polymer.
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INTRODUCTION

Open-shell small molecules and polymers find applications in myriad sectors viz. radical
polymerization initiators, organic radical and organic redox-flow batteries, liquid crystalline
materials, and conducting polymers. The aim of the research projects presented in this thesis was
to synthesize certain specific open-shell small moieties and macromolecules and examine their
optical and electrical properties. During the course of these projects, from fabricating novel small
molecules to relatively well-known polymers, various synthetic challenges were faced while
modifying the reaction protocols to suit the project demands. The subsequent chapters discuss such
synthetic problems and potential solutions and alternatives for circumventing them.
Chapter 2 discusses the usage of radical moieties in energy storage and conversion
applications. The chapter is reproduced from the published review paper entitled- ‘Stable Radical
Materials for Energy Applications’ by Daniel A. Wilcox, Varad Agarkar, Sanjoy Mukherjee, and
Bryan W. Boudouris, Annual Review of Chemical and Biomolecular Engineering 2018, 9, 83-103
with appropriate permissions.
Chapter 3 encompasses the information about a low glass transition temperature polymer
exhibiting a high electrical conductivity upon appropriate treatment. The chapter is reproduced
with permission from the published research article entitled- ‘A nonconjugated radical polymer
glass with high electrical conductivity’ by Yongho Joo, Varad Agarkar, Seung Hyun Sung, Brett
M. Savoie, Bryan W. Boudouris, Science 2018, 359, 1391–1395.
Chapter 4 discusses a novel class of open-shell moieties called the 6-oxoverdazyl radicals.
They are a group of radical moieties based on a nitrogen rich cyclic ring with appropriate
substituents. Depending on the nature and position of the substituents, the properties of these
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species can be tuned. The 6-oxoverdazyls find applications as redox-active moieties, radical
polymerization initiators, liquid crystal display materials, and exhibit magnetic properties.
Chapter 5 encompasses the information about the application of open-shell moieties based
ligands or small molecules in highly ordered structures such as perovskites. The chapter also talks
about the synthesis of block polymers involving both conjugated as well as non-conjugated
components. The non-conjugated nitroxyl based block is seen to be serving as an internal dopant
for the conjugated alkyl thiophene block of the said co-polymer.

3

STABLE RADICAL MATERIALS IN ENERGY
APPLICATIONS†

2.1

Overview

Although less studied than their closed-shell counterparts, materials containing stable open-shell
chemistries have played a key role in many energy storage and energy conversion devices. In
particular, the oxidation-reduction (redox) properties of these stable radicals have made them a
substantial contributor to the progress of organic batteries. Moreover, the use of radical-based
materials in photovoltaic devices and thermoelectric systems has allowed for these emerging
molecules to have impacts in the energy conversion realm. Additionally, the unique doublet states
of radical-based materials provide access to otherwise inaccessible spin states in optoelectronic
devices, offering many new opportunities for efficient usage of energy in light-emitting devices.
Here, we review the current state of the art regarding the molecular design, synthesis, and
application of stable radicals in these energy-related applications. Finally, we point to fundamental
and applied arenas of future promise for these designer open-shell molecules, which have only just
begun to be evaluated in full.

2.2

Introduction

From biological systems, to a functioning civilization, and to the observable universe, the transport
and transformation of energy is the essence of everything. Although the conservation of energy is
dictated by physical laws, the struggle has been to find the most efficient manner by which to
convert, use, and store energy. In modern electronic applications, electrons serve as the

†

Order Detail ID: 71277925
Annual review of chemical and biomolecular engineering by Annual Reviews. Reproduced with
permission of Annual Reviews in the format Thesis/Dissertation via Copyright Clearance Center.
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fundamental carriers of charge and energy. Thus, many functional materials involved with aspects
of energy research are associated with either charge transport or storage. From a chemical
perspective, electron transfer reactions can be broadly described as oxidation-reduction (redox)
processes (1). Thus, organic materials associated with active redox behavior are immensely
important in the realms of energy transport or storage (2).
In fact, the previous decades have witnessed significant progress in the development of
optoelectronically active organic materials (3, 4). In addition to the potentially lower cost and
mechanical flexibility of devices associated with organic materials relative to many of their
inorganic counterparts, organic-based systems often compete with or surpass the capabilities of
inorganic materials in functioning applications (e.g., display technologies) (5, 6). Because only
loosely bound electrons of organic compounds are accessible from an energetic standpoint, πconjugated systems have found significant attention as active layer materials in organic electronic
devices, and impressive progress has been made in this arena (7). However, the notion that a highly
conjugated π-system is required to access loosely bound electrons (and valence orbitals) of organic
compounds is strictly untrue (8, 9). In this report, we instead focus on an alternative class of
materials, organic molecules bearing stable radical groups (10).
We define radicals as open-shell organic compounds, where the valence unpaired electron resides
on either a localized orbital or a conjugated system (11). Having a singularly occupied molecular
orbital energy level, radical species can either accept or donate an electron to form a closed-shell
anion or cation, respectively. Depending on the relative stability of these species, a redox-active
radical can be preferentially reduced (n-type) or preferentially oxidized (p-type) or can be capable
of undergoing either oxidation or reduction (ambipolar) (12). A radical species can have several
accessible stable redox states, allowing the radical to experience multiple consecutive or
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independent redox processes. Such redox behavior can be a simple tool for storing and releasing
electrons at will, potentially allowing for reaction-based charge storage and memory applications
(13, 14). Similar chemistry can be beneficial to form active redox couples as auxiliary components
in electronic devices (e.g., photovoltaic cells). Using analogous principles, redox-active radicalbased materials with high radical densities can form conductive networks in which the neighboring
radicals transport charge through a cooperative self-exchange process (14). Additionally, the
unpaired electrons can allow access to uncommon spin states (e.g., the doublet state) of a material,
which can have beneficial consequences with respect to the optoelectronic properties of the
material (15). To date, the synthetic community has only scratched the surface of potential radicalcontaining materials, and organic radical materials are dominated by only a few specific chemical
structures, such as sterically protected nitroxyl and phenolic radicals (Figure 2.1). Fortunately,
with the continued progress of modern synthetic tools, a considerable variety of radical-based
materials are emerging. There is no shortage of potential avenues to develop and fine-tune the
chemistry of
these materials for advanced energy-related applications, which promises ever-increasing progress
in this regard (16). Thus, through the appropriate combination of chemistry, materials science, and
engineering, we anticipate that large strides will soon be had in the stable radical community.
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Figure 2.1 (a) Schematic of a radical polymer, which consists of pendant stable radical sites along
the backbone of a macromolecular architecture. (b) Representative chemical structures of the most
commonly-reported stable radical moieties. The open-shell groups that are marked with green
ovals have been reported as pendant units in radical polymers, and the small molecule-only radical
materials (i.e., those not marked in green) also have been important in energy-related efforts. (c)
Example redox reactions associated with the nitroxyl radical show that the compound can access
three distinct redox states. (d) Example chemical structures of a few radical polymers that have
been described to a large degree in the literature.

Materials based on organic radicals can be broadly classified as either small molecules or
macromolecules. Small molecules prove advantageous owing to (a) their ability to be deposited at
high purity from the vapor phase (e.g., using physical vapor deposition) and (b) the finer synthetic
tunability and exact reproducibility of their molecular architectures (17). However, polymers
provide numerous opportunities for different physical processing methods (e.g., solution
processing and crosslinking) (18). In particular, radical polymers, which are defined as nonconjugated macromolecules with pendant radical sites, have attracted significant attention (13, 14).
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Polyradical species (i.e., molecules that contain multiple radical sites that interact through a
conjugated framework) are of immense interest in several application fields (19–21); however,
they are not the focus here, as they have not been implemented in energy-related devices. Although
the choice between the use of small molecules and macromolecules must be weighed against the
final end-use energy application, the basic functions of radical moieties are independent of this
distinction. These key functions can be classified as (a) electron exchange (charge flow), (b)
reversible redox processes (charge storage), and (c) the residual spin of the unpaired electron. In
particular, radical materials have made a significant mark on the fields of organic batteries and
organic conductors owing to their charge storage and charge transport abilities. Although the first
and second functions have been the primary means by which radical materials have impacted
technology to this point, the third avenue holds great promise as well. As the reaches of this field
grow into specific applications, it is important to collectively ground the fundamental ideas of
these unique, energy-related materials in a common platform, and that is the purpose of this article.

2.3

Radical-containing materials for energy storage applications

Rechargeable batteries are instrumental in common portable electronic devices today; however,
many current inorganic cathode active materials in these batteries are relatively expensive, and
emerging inorganic materials are hampered by long-term cyclability and stability issues (22).
Furthermore, next-generation electronic devices (e.g., rollup displays and wearable devices) will
require batteries that are mechanically robust and flexible (23, 24). As such, soft electrodes with
active polymeric materials, particularly radical polymers, offer great promise in this particular
application area. Their mechanical and chemical robustness, as well as the fact that the polymer
architectures and electrochemical properties of these materials can be tuned in a relatively
straightforward manner, mean that radical polymers have altered, and will continue to impact, the

8
battery market (24). To date, molecules containing stable radicals have been implemented in
organic radical batteries (ORBs), flow batteries, and composite batteries and supercapacitors. The
following subsections detail the impressive progress and opportunities for radical polymers in the
first two examples of these energy storage technologies, which are less frequently reviewed in the
literature. The reader is referred to other publications (25–37) and reviews (3, 38–42) for details
regarding radical-based moiety implementation in composite batteries and supercapacitors.
2.3.1 Organic Radical Batteries
This category encompasses both purely ORBs and carbon composite batteries that contain
openshell entities. Thus, we discuss batteries in which radical polymers are one of the major
constituents of the cathode (22, 24, 43–63), or both electrodes (64–70), in the battery (Figure 2.2).
The electron transfer in an ORB occurs in two stages, with both heterogeneous (current collectorto-radical moiety) and homogeneous (between two distinct radical-bearing sites) charge transfer
steps being present (52). Among the open-shell moieties, the nitroxyl radical is the most widely
studied in the ORB field (22, 43, 44, 46–50, 54, 55, 57, 59, 60, 71, 72). This radical moiety is
robust and has exceptional stability owing to potential resonance structures (43). Moreover, the
nitroxyl radical reversibly oxidizes to the oxoammonium cation, making it suitable as a cathode
material in ORBs. Experimental ORB reports demonstrate that nitroxyl radical cathodes are
characterized by a high charge capacity (∼100 Ah/kg); high charging and discharging rate
performance (up to 50 C) (44), owing to rapid electron transfer of the nitroxyl group; and a long
cycle life (>1,000 cycles).
Nitroxyl-based polymer cathodes and lithium metal anodes have been the most common
redoxactive materials used in ORBs since the first report by Nakahara et al. (22, 43, 46–48, 50, 54,
57, 60, 66, 72), and poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA) is one of the
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variants that has been extensively employed for cathode fabrication in ORBs owing to its ease of
synthesis.

Figure 2.2 (a) Charging of an ORB. The nitroxyl radical is oxidized to the oxoammonium cation
causing a flow of electrons through the outer circuit. This causes the electrolyte anions to migrate
towards the newly-formed oxoammonium cations of the radical polymer, thus compensating their
charge, while lithium cations migrate towards the graphite anode. Here, the lithium ions are
reduced to lithium metal. (b) Discharging of an ORB. The intercalated lithium metal undergoes
oxidation to form lithium ions, which migrate to the central electrolyte cavity. The free electrons
travel through the outer circuit and reach the cathode reducing the oxoammonium cations back to
nitroxyl moiety. The arrows within the battery show the movement of the electrolyte ions.
PTMA has a discharge cell voltage of ∼3.5 V, which corresponds to its redox potential versus
Li/Li+, and corresponds to the oxidation of the nitroxyl moieties in PTMA to oxoammonium
cations at the cathode during charging. The corresponding reverse reaction occurs while
discharging (60). Based on the molecular structure and the fact that each PTMA repeat unit can
store one electron, the theoretical discharge capacity of PTMA is 111 Ah/kg. Nakahara’s first ORB
displayed a discharge capacity of 70% of this theoretical value (77 Ah/kg), which was retained
over 500 charge and discharge cycles (43, 60). Although this initial result was impressive, a

10
significant advance with regard to the discharge capacity was achieved through the addition of an
aluminum-laminated battery with thinner electrodes (46). This system exhibited an enhanced
discharge capacity of ∼100 Ah/kg, which approached the theoretical value for PTMA.
Furthermore, a thinner electrode caused relatively quick electron transfer in the polymer bulk,
decreasing the charging time. In even more recent work, the capacity of a PTMA-based ORB was
further improved to 100% of the theoretical value by fabricating an ORB with an electrospun
fluorinated copolymer suffused with electrolyte to serve as the ion-transporting phase. These
landmark publications demonstrate that alterations in the battery design can be the key to achieving
close to theoretical discharge capacities in ORBs (47).
Owing to the modular nature of the radical polymers, the backbone moieties are not limited to
acrylate-based structures. In fact, radical polymers with polynorbornene backbones, such as
poly[2,3-bis(2’,2’,6’,6’-tetramethylpiperidinyl-N-oxyl-4’-oxycarbonyl)-5-norbornene] (PTNB),
have been used to increase the specific capacity of the battery. Additionally, the chemistry of
polynorbornene is advantageous in some regards as it permits ready crosslinking sites for azidebased click chemistry. Crosslinking of these types of polymers, which are also used as cathode
materials owing to the same nitroxyl functionality of the pendant groups, can avoid their
dissolution in the battery electrolyte. In turn, this prevents self-discharge of the battery (45).
Because of this key design motif, a specific capacity of 106 Ah/kg (theoretical value: 109 Ah/kg)
with no decrease in performance up to 1,000 cycles was exhibited by an ORB made from a PTNBbased radical polymer.
Of course, the design of radical polymers systems is not limited to hydrophobic materials either.
For instance, poly(2,2,6,6-tetramethylpiperidinyl-N-oxyl vinyl ether) (PTVE) is hydrophilic,
which facilitates electrochemical processes in an ORB in the presence of protic electrolytes.
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Additionally, PTVE has a higher theoretical capacity (135 Ah/kg) than PTMA and PTNB (22).
Thus, a PTVE coin-type cell exhibited a discharge voltage of 3.51 V and a discharge capacity of
114 Ah/kg. A rapid and reversible electrochemical response enabled an ultrafast charging of the
cell (< 3 s) when a PTVE cathode was used in combination with an aqueous electrolyte (51). The
Zn/PTVE test cell, with an aqueous solution of 0.1 M ZnCl2 and 0.1 M NH4Cl serving as the
electrolyte, displayed a plateau voltage at 1.73 V and a capacity of 124 Ah/kg. In addition to this
macromolecule, hydrophilic polyethers like poly(2,2,6,6-tetramethylpiperidinyl-N-oxyl glycidyl
ether) helped to increase the amount of polymer material in the electrode without compromising
its redox activity, thus improving the ORB performance as compared with similarly configured
PTMA ORBs (72).
Along similar lines of thinking, various attempts at altering the polymer design have been made to
increase the theoretical capacity of the redox-active cathode material with moieties like 2,2,5,5tetramethyl-3-oxiranyl-3-pyrrolin-1-oxyl and spiro-bis(nitroxide) (53, 55). Other alteration
attempts, such as the replacement of toxic transition metal oxides with earth-abundant silicones
(for cathode-active polymer backbones), moved toward the reduction of electrode material toxicity
and cost (50). Another polymer design modification away from polyethers and toward waterinsoluble polyacrylamide backbones resulted in long-life–high-capacity aqueous ORBs (54). For
instance, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl acrylamide) (PTAm) was designed to be
used with an aqueous electrolyte. A test cell was fabricated in which PTAm was used as the redoxactive material for the cathode, poly(N-4,4’-bipyridinium-N-decamethylene dibromide) served as
the anode, and 0.1 M NaBF4 was the aqueous electrolyte. The cell demonstrated a 1.2-V discharge
voltage, exceeded 2,000 charging–discharging cycles, and had a high charging rate performance.
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Additionally, the report demonstrated the concept of an all-organic ORB, where both electrodes
are composed of radical polymers; however, it was not the first all-radical polymer report (64–69).
In fact, the Nishide laboratory was the first group to report the synthesis of n-type radical polymers
through the development of poly(nitroxyl styrene) derivatives bearing different substituent groups
(69). The redox switch between the n-type and the p-type polymer was attributed to the addition
of an electron-withdrawing trifluoromethyl group. While this report demonstrated the switch in
the redox behavior of polymers and the potential of these moieties as electrode materials, the same
team subsequently fabricated a completely organic ORB employing PTNB and poly(galvinoxyl
styrene) (PGSt) as the cathode and anode, respectively (68). The observed charge capacity was 32
Ah/kg, 92% of the theoretical value of 34.8 Ah/kg, with no significant deterioration in performance
after 250 cycles. This was a key advance in the field, as an all-organic ORB would lower the cost
of the battery by avoiding use of metal-containing electrodes and would be superior in terms of
electrode material capacity (69) and battery performance (54) relative to its hybrid counterparts.
In contrast to the previous batteries described, an ambipolar battery material would be
advantageous owing to the possibility of the reversal of battery polarity and the use of a single
redox-active material. A report of an ambipolar electrode-active material and its application in
batteries led to the development of two types of ORBs, which were deemed the pole-less and
rocking chair–type configurations (67). The pole-less battery configuration consisted of both the
cathode

and

the

anode

being

fabricated

from

an

ambipolar

electrode

material,

poly(nitronylnitroxyl styrene) (PNNS). The battery showed plateau voltages of +1.3 V and –1.3
V, thus indicating the dual functionality of the polymer as a cathode and an anode material. The
exhibited charge capacity was 44 Ah/kg (86% of the theoretical capacity), and a good cycle
performance was exhibited, even after 250 cycles. The rocking chair–type configuration consisted
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of a PNNS cathode and a PGSt anode. Owing to the n-type redox activity in both the PNNS and
PGSt polymers, only the counter cation of the electrolyte was exchanged at both electrodes. This
led to the migration of cations in a rocking chair fashion. The cell exhibited a charge capacity of
29 Ah/kg (90% of theoretical value) and good cycle stability over 250 cycles.
This subsection has highlighted the successes of ORB energy storage devices, and a great deal of
progress has been made in these systems to date. In fact, detailed efforts have been made to
increase various battery parameters (e.g., theoretical charge capacity and device cyclability) and
decrease electrode material dissolution in the electrolyte. However, as potentially noted by the
reader, batteries based upon nitroxyl-containing polymers possessing myriad backbones have
dominated the ORB field. Thus, a careful and novel stable radical design coupled with a robust
battery design can lead to further improvement in ORBs, and this direction would be promising
for future efforts in the field (see below). Next, we turn away from portable energy storage systems
and toward energy storage platforms where pumping is involved.
2.3.2 Flow Batteries
In flow batteries, the chemical moieties that undergo the redox reactions are dissolved in a suitable
electrolyte and pumped through the battery. In a manner that is distinct from many batteries used
in transportation applications, the redox-active chemical components are stored in separate
reservoirs outside of the actual redox chamber. Because the oxidative and reductive species are
dissolved species, the solutions that contain them are known as the catholyte (instead of cathode)
and the anolyte (instead of anode), depending on their role in the flow battery. These solutions are
then pumped into a chamber (i.e., the energy conversion area) where they are separated by a
membrane, which allows for the passage of ions across the barrier while preventing the intermixing
of the anolyte and catholyte (Figure 2.3).
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Figure 2.3 Working principle of a polymer-based RFB. The anolyte and catholyte are pumped into
respective chambers, which are divided by a membrane separator in order to prevent inter-mixing
of solutions. The TEMPO- and viologen-based copolymers serve as the catholyte and anolyte
redox-active material, respectively. The quaternary ammonium moieties, included in the second
block for both copolymers, help to induce water solubility in the copolymers as they are applied
to aqueous RFBs.
The first redox flow battery (RFB), reported in the 1970s, used the Fe/Cr redox system (73).
Despite their scalability and quick regeneration, flow batteries have been accompanied by both
safety and environmental issues owing to use of inorganic salts and metal/halogen redox couples
(74). An alternative is an all-organic or a metal/organic RFB (75), and efforts focused on organicbased systems have gained significant momentum. Further development resulted in the
incorporation of organic radical compounds as a redox-active material into the flow battery. The
RFBs have a few additional advantages over other types of batteries, such as the tunability of the
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properties of redox-active components, their relatively safe and environmentally benign nature,
and an increased output voltage for non-aqueous redox-flow batteries (75, 76).
Typical hybrid RFBs are composed of a metal salt in the anolyte phase and a radical polymer in
the catholyte solution. Again, to date, the radical moiety of these polymers has been exclusively
those based on the TEMPO entity. Xu, Wang, and coworkers (76) reported a hybrid RFB that was
superior with respect to the cell voltage, electrolyte concentration, and discharge volumetric
energy density relative to other aqueous and nonaqueous RFBs. The test flow cell consisted of an
anode fabricated with lithium metal/graphite and TEMPO-LiPF6 electrolyte/graphite felt at the
cathode side with a polyethylene-based porous separator. The battery demonstrated an 84%
coulombic efficiency (CE), 82% voltaic efficiency (VE), 69% energy efficiency (EE), and good
cyclability along with a superior discharge volumetric energy density of 126 Wh/L (76).
Replacement of Li with Zn for the design of an aqueous hybrid RFB resulted in a cell that exhibited
a voltage of 2 V, a large value for an aqueous flow battery (77). The cell was composed of a zinc
anode and a TEMPO-based copolymer catholyte with a cellulose-based membrane separator. The
copolymers were specifically designed to ensure water solubility by incorporation of hydrophilic
moieties [e.g., poly(ethylene glycol methyl

ether methacrylate) (PEGMA)

and 2-

(methacryloyloxy)-N,N,N-trimethylethane ammonium chloride (METAC)]. The cellulose
membrane and water-soluble redox-active polymers lowered the battery cost and the potential
environmental impact. In this example, rheological analysis revealed that micelle formation
resulted in lowering of the viscosity of the polymer catholyte used in the battery as compared with
the linear PEGMA copolymer solutions (78). Specifically, polystyrene (PS) was used as the second
moiety of the block copolymer. Owing to a polarity difference between the polar TEMPO block
and the nonpolar PS block, self-assembled micellar structure copolymers were obtained in the
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battery electrolytes. The PS formed the core of the micelles, whereas TEMPO-based moieties
formed the corona. The Zn/PTMA-PS battery exhibited a maximum 99% CE with 93% utilization
of the catholyte and was stable over 1,000 charging–discharging cycles in the +0.5-V to +2-V
range. Such alterations in the chemical architecture of the polymer enabled comparatively higher
performance in terms of the battery efficiency and life owing to low catholyte viscosity.
Liu and coworkers (79) reported the first all-organic radical RFB in 2011. The battery used Nmethyl phthalimide and TEMPO as the anolyte and catholyte, respectively. The battery exhibited
90% CE over the first 20 cycles and demonstrated charge–discharge plateaus of +1.65 V and −1.36
V, respectively. An improvement over the TEMPO/N-methyl phthalimide RFB, in terms of battery
voltage and temperature stability, was TEMPO/benzophenone (BP) RFB with a cell voltage of
2.41 V, owing to low redox potential and temperature stability (up to 45◦C) of BP (80).
Water-based RFBs are environmentally benign, as they consist of nontoxic polymers and water;
however, they have a limited open-circuit voltage relative to their nonaqueous counterparts. Such
an aqueous RFB based on TEMPO- and viologen-containing copolymers acting as the catholyte
and anolyte materials, respectively, was reported recently (see the inset of Figure 3 for the chemical
structures) (74). Quaternary ammonium salts were introduced by usingMETACmoieties in one of
the blocks in these copolymers to ensure solubility in the aqueous supporting electrolyte (81). The
TEMPO- and viologen-based redox-active electrolyte solutions were pumped into a cell, where
they were separated by a cellulose-based membrane (74). The battery exhibited an output voltage
of 1.1 V with a discharge energy density of 8.0 Wh/L and retained 80% of its initial capacity after
10,000 charging–discharging cycles. Wang and coworkers (82) reported a similar battery
composed of methyl viologen as the anolyte and 4-hydroxy-TEMPO as the catholyte and with
aqueous sodium chloride as the supporting electrolyte. The battery demonstrated nearly 100% CE
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with a discharge voltage of 0.9 V and retained approximately 89% of its original capacity after
100 cycles. The reports mentioned until now involve the use of different redox-active materials as
anolyte and catholyte; however, RFBs with identical catholyte and anolyte materials also exist.
This is because redox-active molecules and polymers that exhibit an ambipolar nature can be
employed as both n-type and p-type materials; thus, they can give rise to RFBs that are referred to
as symmetric RFBs. Brushett, Wei, and coworkers (83) reported such an RFB based on 2-phenyl4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (PTIO) in 2016. In addition to being ambipolar,
PTIO also exhibited high solubility in organic solvents. The RFB demonstrated a voltage of 1.73V
along with 90% CE, 67% VE, and 60% EE and exhibited charging and discharging energy
densities of 9 Wh/L and 5 Wh/L, respectively. Schubert and coworkers (84) developed a similar
symmetric RFB, but with improved efficiencies. In this case, a tetraethylene glycol spacer was
introduced between two PTIO moieties. The RFB exhibited 95% CE, 86% VE, and 82% EE.
Another recently reported strategy is one that covalently bonds the individual n-type and p-type
redox moieties, thereby imparting an ambipolar nature to the resulting molecule (75, 85). The
Schubert group (85) reported a flow battery based on a covalently bonded TEMPO-phenazine
molecule. Phenazine exhibits n-type behavior suited for an anolyte material, whereas TEMPO
demonstrates p-type behavior, thus making it a suitable material for a catholyte. The battery had a
voltage of 1.2 V with approximately 98% CE and achieved 60% of its theoretical capacity and
retained it over 1,800 charge–discharge cycles. Schubert and coworkers (75) followed the same
concept and very recently proposed an RFB employing covalently bonded TEMPO and viologen
units. This report was aimed at demonstrating the ability of the TEMPO-viologen combination
molecule as a potential candidate for ORFBs.
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RFBs have undergone significant transitions from Fe/Cr to metal/halogen redox systems and,
finally, to all-organic RFBs. In this way, they have become progressively more environmentally
friendly, safer, and more cost effective. Whereas small molecule–based RFBs used several redoxactive moieties, polymer-based RFBs were found to be restricted to nitroxyl-containing polymers
as the catholyte. A valuable addition to RFBs employing ambipolar redox-active molecules was
the novel concept of tethering two opposite-natured redox-active species to each other by means
of a suitable chemical rope. It propelled research in ambipolar RFBs, thus indicating that carefully
designed redox-active molecules and polymers will pave the way for improved battery
performance compared with currently existing reports.

2.4

Radicals in Energy Conversion Technologies

Dye-sensitized solar cells (DSSCs) have gained a significant amount of attention since 1991, when
the Grätzel team initially reported these energy conversion devices with an efficiency of ∼7.5%
under direct illumination and up to 12% in diffuse daylight (86). A typical DSSC consists of a
transparent electrode with a thin, porous layer of fused titanium dioxide nanoparticles. The porous
oxide is coated with a dye and placed in an electrolyte with a redox couple, commonly I−/I3−, and
a counter electrode (Figure 2.4a) (87–90).
Because the open-circuit voltage (VOC) of the cell is determined primarily by the difference
between the electron quasi-Fermi energy of the semiconducting species and the redox potential of
the redox couple, one of the most promising means by which to increase the efficiency of these
systems is to replace the I–/I3– redox couple with one with a lower redox potential. Additionally,
although iodide works well for most DSSC applications, several qualities make it undesirable for
solar cell operation. First, molecular iodine (I2) absorbs strongly in the visible spectrum, reducing
the amount of light available for charge generation. Second, iodide is corrosive. Furthermore, the
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oxidation of I– to I3– is a two-step reaction, where two I− ions are oxidized by the dye to form I2·−,
and two of these species react to form I3− and I− (91). Although a two-step reaction reduces
parasitic charge recombination between the dye and the semiconductor, the large energy difference
between the I−/I2·− and I2·−/I3− step results in wasted energy within the cell. Alternative redox
couples based on other halogens (92), pseudohalogens (93), disulfide bonds (94–97), transition
metal complexes (98–101), and small-molecule organic radicals (e.g., TEMPO) have been
proposed. Here, we focus on the use of organic radicals for this purpose. The possibility of being
able to tune the redox potential of these molecules through judicious molecular design makes them
an attractive option. Additionally, many organic radicals are water soluble, nontoxic, and
noncorrosive and demonstrate low absorption coefficients in the visible spectrum (14), making
them ideal for DSSC applications. Despite these advantages, however, TEMPO derivatives cause
traditionally used ruthenium dyes to degrade in solution, thus necessitating research into other
classes of sensitizers for DSSCs that use organic redox mediators (102).
The first report of an organic radical, specifically TEMPO, being used as a redox mediator came
from the Grätzel team in 2008 (103). Inspired by the use of radicals in organic batteries, the authors
fabricated cells with TEMPO as the redox electrolyte and an indoline dye (D-149) as a sensitizer,
resulting in an efficiency of 5.4% and a VOC of 830 mV, compared with 720mVfor a cell employing
an iodide redox mediator. Although the 110-mV improvement in the VOC was notable, the redox
potential of TEMPO was 310 mV further below vacuum than I–/I3–. Therefore, the predicted gains
in VOC that would come from using a redox couple with a lower potential were not fully realized.
Both a larger dark current and a shorter electron lifetime, as measured by photovoltage transient
decay, were observed for TEMPO than for I–/I3–, which suggested significantly higher parasitic
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recombination between the TiO2 electrode and the oxidized TEMPO species, ultimately leading
to a lower VOC than predicted.

Figure 2.4 (a) Schematic of a dye-sensitized solar cell in operation. (1) A photon is absorbed by a
dye molecule, promoting an electron from the HOMO to the LUMO energy level. (2) The electron
is then transferred to the conduction band of the TiO2 nanoparticle layer (3) where it then enters
the external circuit. (4) Redox-active molecules are reduced at the counter electrode by electrons
from the external circuit. (5) The reduced redox-active molecules then diffuse to the dye and
transfer the electron to the dye, regenerating the dye and completing the circuit. (b) Schematic
showing how the galvinoxyl radical acts as a spin-flip center at the interface of a heterojunction
organic solar cell. The dashed circles indicate the charge transfer states at the donor-acceptor
interface. The red species is the electron-donating material, and the blue species is the electronaccepting material.
A later report found that, for a series of TEMPO-based radicals with different substituents in the
4-position (namely −H, −OH, and −NHCOCH3), the VOC was linearly correlated with the redox
potential in a cell using an indoline sensitizer (D-131). This suggested that the VOC could indeed
be tuned by varying the redox potential of the redox mediator (104). However, as before, the
TEMPO derivatives showed lower gains than expected in the VOC compared with iodide,
indicating that increased recombination was occurring in these systems as well. Iodide showed
lower recombination because both forms of the iodide redox pair are negatively charged, causing
electrostatic repulsion from the TiO2 surface. As TEMPO is positively charged in its oxidized
state, the opposite effect occurs. The authors suggested that TEMPO with negatively charged
substituents, such as −COO−, could help mitigate the effect. However, a separate extensive
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computational study showed that introducing charged substituents onto the TEMPO radical would
greatly lower the redox potential to below the highest occupied molecular orbital level of typical
sensitizers, preventing the dye from being regenerated (105).
Further efforts sought to improve the short-circuit current density (JSC) and fill factor (FF) of the
device by enhancing the reactivity of the radical species. To this end, 2-azaadamantane-N-oxyl
(AZA) was reported as an alternate redox mediator (106). Reducing the steric hindrance around
the nitroxyl group led to an 11-fold enhancement of the electron self-exchange rate (kex) between
the radical molecules in solution for AZA compared with TEMPO. Additionally, AZA showed
significantly higher values for the diffusion coefficient (D0) and the heterogeneous electrontransfer rate constant (k0) (i.e., the rate of electron transfer from the counter electrode to the redox
couple) than for either TEMPO or iodide. An optimized solar cell using a combination of indoline
sensitizers D-205 and D-131 yielded an efficiency of 8.1%, with a VOC of 0.85 V, a JSC of 13.3
mA cm−2, and a FF of 0.75. Though the iodide cells showed a higher JSC of 14.7 mA cm−2, the
cells with AZA performed better overall, owing to the higher VOC from the lower redox potential
of the nitroxyl radical and the higher FF owing to the high kex and diffusion coefficient.
As mentioned previously, regeneration of the dye via the iodide redox couple consists of two steps:
formation of I2·− from two I− ions and dissociation of two of these to form I3− and I−. A significant
energy loss occurs during the second step. By replacing this step with one involving a TEMPO
derivative, the VOC can be increased while maintaining the attractive qualities of the iodide
regeneration, such as the low recombination rate. In one report, the ionic liquid 1-butyl-3-{2-oxo2-[(2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl)amino]ethyl}-1H-imidazol-3-ium

iodide

(JC-IL)

was synthesized, with a TEMPO group on the cationic portion of the room-temperature salt (107).
This ionic liquid showed greatly improved diffusion coefficients and k0 values relative to either
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TEMPO or iodide and, unlike iodide, maintained optical transparency. By incorporating JC-IL into
solar cells using the dye CR147, an efficiency of 8.12% was achieved, versus 5.42% for TEMPO
and 6.90% for iodide. A later report further improved the efficiency to 8.38% by replacing the
iodide anion with selenocyanate (SeCN−) (108). The VOC values were maximized with both ionic
liquids, and although iodide gave higher JSC values, the ionic liquids still performed far better
than TEMPO alone in that regard. To further understand the nature of the improvements, the
authors measured the charge transfer resistance at both electrodes as well as the recombination
resistance. At the photoanode-electrolyte interface, ITSeCN (the SeCN−-containing ionic liquid)
showed a charge transfer resistance of 15.78 ohms, compared with 12.25 ohms for iodide and
31.43 ohms for TEMPO. Thus, the charge transfer resistances played a large role in determining
the JSC values for each of the cells. ITSeCN also showed the highest recombination resistance,
suggesting that the high VOC values were, in part, obtained owing to minimized recombination in
the cell. This demonstrated, once again, that suppressing recombination is essential for fully
achieving the gains in the VOC that nitroxyl radicals promise.
The highest reported efficiency for a DSSC with an organic radical redox couple came from the
Nishide group in 2016. They reported that, through proper tuning of the dye, they could achieve
over 10% efficiency with TEMPO as a redox mediator in a gel electrolyte (109). By using a
fluorene-based dye with long alkyl side chains (MD-153), the dye molecules could selectively
attract the uncharged TEMPO molecules but not the charged TEMPO+ cations. Thus, the dye itself
acted as a barrier preventing recombination from the TiO2 to the redox couple, allowing for high
photocurrents and VOCs to be achieved. Solar cells fabricated with MD-153 and TEMPO in a gel
electrolyte achieved efficiencies of 10.1%, with a VOC of 0.93 V, a JSC of 15.5 mA cm−2, and a FF
of 0.70. The same device structure with a liquid electrolyte showed a marginally higher efficiency
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of 10.4%. Because gel-based electrolytes reduce the risk of solvent leakage from the cell, this
report also demonstrated that a less hazardous DSSC could be fabricated with a minimal decrease
in performance. Overall, organic radical-based redox couples show strong promise for use in
DSSC applications owing to their high VOC values, and further improvements in the JSC through
improved transport properties would allow organic radicals to provide record efficiencies in these
devices.
Work regarding organic radicals within solar cells has not been limited only to DSSCs. The
Vardeny group (110) has reported that the galvinoxyl radical acts as a spin-flip mediator in
bulkheterojunction (BHJ) solar cells when phenyl-C61-butyric acid methyl ester (PCBM) is used
as the electron acceptor and poly(3-hexylthiophene) (P3HT) is used as the electron donor. They
reported that an optimal loading of 3% galvinoxyl (by weight) in an optimized P3HT:PCBM BHJ
device led to an improvement in efficiency from 3.4% to 4.0%, primarily owing to an improvement
in JSC (110). When tested in a P3HT-rich device, no such improvement was found. However, in
PC60BM-rich devices, a much greater improvement was seen upon galvinoxyl doping, with
maximum device performance occurring at greater loadings of the galvinoxyl radical. Therefore,
the improvements were ascribed to favorable interactions between the galvinoxyl moiety and
PCBM. The improvements were specific to these two species; tests with other acceptors, such as
bis{1-[3-(methoxycarbonyl)propyl]-1-phenyl}-[6,6]C62 and indene-C60 bisadduct, and other
radicals, such as TEMPO and 1,3-bisdiphenylene-2-phenylallyl, showed no improvement in the
ultimate device performance. However, similar experiments with different electron donors, such
as regiorandom P3HT and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], showed
similar improvements. Owing to a reduction in the magneto-photocurrent in films containing
galvinoxyl, it was concluded that the unpaired electron in galvinoxyl was promoting intersystem
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crossing in the interfacial charge transfer states. In other words, the singlet charge transfer states
were converted into triplet states, which had a longer lifetime owing to recombination being spin
forbidden (Figure 2.4b). The spin-exchange mechanism was allowable because the energy levels
of the galvinoxyl radical and the PCBM LUMO were close to one another, which was thought to
be the reason that improvements were seen only for this particular system.
The same group later reported on improvements to a poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2b:4,5-b’]dithiophene-2,6-diyl} {3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})
(PTB7):PCBM BHJ solar cell with a 2% (by weight) galvinoxyl loading (111). This report
demonstrated, as before, that galvinoxyl was behaving as a spin-flip center in the BHJ cell.
However, in this particular situation, triplet charge transfer states were undesirable, as PTB7 had
a lower triplet exciton energy than that of the charge transfer states. As such, triplet states would
lead to increased back transfer of electrons from the acceptor to the donor. Addition of the
galvinoxyl radical led to a reduction in triplet excitons, as measured by photoinduced absorption.
This is consistent with the idea that the radical moiety was increasing the number of singlet CT
states, thus preventing the decay of the triplet CT state. As observed previously, when a different
electron acceptor was used, no improvement in performance was seen upon addition of galvinoxyl.
Moreover, no reduction in the number of triplet excitons in the PTB7 was observed, suggesting
that the spin exchange interaction could occur only between two species with similar energy levels
(e.g., the galvinoxyl radical and PCBM). This fact is an important design criterion when trying to
match open-shell and closed-shell moieties in charge, spin, and energy transfer scenarios.
Previous efforts by our group have demonstrated the ability for small-molecule radicals and radical
polymers to be used elsewhere in organic energy conversion devices. In thermoelectric devices
using

poly(3,4-ethylenedioxythiophene):poly(styrene

sulfonate)

(PEDOT:PSS),

the
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thermoelectric power factor can be nearly doubled by the addition of 2% TEMPO, by weight (112).
The TEMPO radicals acted as a filter for low-energy charges in the PEDOT:PSS, allowing for the
thermopower to be improved without a significant reduction in conductivity at low loadings.
Another report examined inverted organic photovoltaic devices fabricated with the structure
ITO/ZnO/PCBM:P3HT/PTMA/Ag, which showed significantly higher power conversion
efficiencies (2.08%) than devices without the PTMA interlayer (0.56%) (113). Additionally, the
performance of the device with the interlayer showed greater stability over time, primarily because
the PTMA layer maintained an ohmic contact with the P3HT even as the silver contacts oxidized.
Unlike PEDOT:PSS, which is commonly used as a polymeric hole transporting layer in organic
photovoltaics, PTMA is not acidic, making it a practical alternative for an interfacial-modifying
layer. PTMA has also been successfully used as an interfacial-modifying layer in a pentacene fieldeffect transistor, reducing the contact resistance and improving the crystallinity of the deposited
pentacene (114).
The favorable redox and optoelectronic properties of organic radicals, as well as their spin-active
nature, have allowed them to be used in synergy with traditional materials in energy conversion
devices such as solar cells and thermoelectric devices. Although there are still hurdles to overcome
for their practical implementation in next-generation energy conversion devices, the synthetic
flexibility of the materials offers the promise that these hurdles can be overcome by judicious
molecular design.

2.5

Towards a Unity Internal Quantum Efficiency In Light-Emitting Devices

The recent revolution in lighting display technologies has been aided by the progress that occurred
with respect to organic light-emitting diodes (OLEDs) (115–117). The emission of light in the
emissive layers of OLEDs occurs when electrons and holes that are injected from the cathode and
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anode, respectively, recombine to emit photons of a wavelength determined by the band structure
of the light-emitting organic molecule (118). However, according to the principles of spin statistics,
only one in four electron-hole pairs forms a singlet exciton. The other three form triplet excitons,
capping the theoretical upper limit of internal quantum efficiency to only 25% in fluorescent
materials (119). Although phosphorescent materials are used to harvest the remaining 75% triplet
excitons (120), the ambiguous nature of the intersystem crossing process, potential nonradiative
decay events, and thermal inversion phenomena result in complex trade-offs, restricting a
straightforward pathway toward achieving desired targets with traditional phosphorescent
materials (121). Recent efforts toward solving this problem have involved the use of thermally
activated delayed fluorescence emissive layer materials (122). However, the problem associated
with spin statistics can be more elegantly avoided with the use of open-shell luminescent materials
(123, 124). For example, in 2015, Li and coworkers (123) used this simple principle to develop a
neutral conjugated radical-based emitter (Figure 2.5). The compound (4-N-carbazolyl-2,6dichlorophenyl)bis(2,4,6-trichlorophenyl) methyl (TTM-1Cz) is an emissive radical with a
photoluminescence lifetime of 25 ns. Because of this, the authors were able to fabricate active
OLEDs using TTM-1Cz as an emissive layer. Importantly, the emission from a doublet state was
confirmed, as the material does not show any magneto-electroluminescence (MEL) effect. That is,
as shown in Figure 5, unlike a derivative with a similar closed-shell structure, [N,N’-Di(1naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine], TTM-1Cz does not show any measurable
MEL effect, which indicates the absence of any triplet-state formation for the radical component.
Although it can be regarded as the first step toward a broader opportunity, the scope of this design
principle is significant for the development of OLEDs with even higher energy efficiencies than
those of available devices. Thus, the usage of radical-based emitters as forthcoming energy-
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efficient materials alters the principles and ideas of OLED devices from a fundamental perspective,
with significant practical potentials.

Figure 2.5 (a) Schematic diagram for the spin configuration of an open-shell doublet system.
Figures (b-e) show a set of properties for an OLED [Device Structure: ITO/ N,N’-di-1-naphthylN,N’-diphenylbenzidine (NPB) (30 nm) / 4,4-bis(carbazol-9-yl)biphenyl (CBP) (10 nm) / TTM1Cz:CBP (5wt%, 40 nm) / 1,3,5-tri(phenyl-2-benzimidazolyl)-benzene (TPBi) (35 nm) / lithium
fluoride (LiF) (0.8 nm) / aluminum (100 nm)] made from the doublet emitting TTM-1Cz and a
conventional fluorescent material (NPB). (b) The time-dependent magnetic field applied in the
Magneto-electroluminescence (MEL) experiments. (c) The EL intensity of the blue emission of
NPB from the OLED at 7 V when the magnetic field was applied. (d) The EL intensity of the red
emission of TTM-1Cz from the OLED at 7 V when the magnetic field was applied. Figure (e)
shows photographs of the OLEDs [Device Structure: (ITO)/ NPB (30 nm)/TTM-1Cz:CBP (5wt%,
40 nm)/ (TPBi) (35 nm)/ LiF (0.8 nm)/aluminum (100 nm)] driving voltages ranging from 7 V to
11 V. The blue emission at higher voltages arises from NBP and CBP. Figures are adapted with
permission from 1(© 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).
2.6

Summary and Outlook

Radical-containing small molecules and polymers recently have been successfully implemented
in energy conversion and energy storage technologies owing to their synthetic tunability, openshell nature, and unique and rapid redox properties. Although most of the work has focused on
energy storage applications, there is also a clear possibility of using radical-based materials in
photovoltaic, thermoelectric, and light-emitting devices. Moreover, there are clear design
paradigms for radical-based materials that are at the very early stages of development. For instance,
an emerging class of materials is that of conjugated radical polymers. In these materials, the
macromolecular backbone of the polymer is conjugated (e.g., a polythiophene-based backbone),
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and the substituent groups are open-shell species that can be either electrically separated from the
conjugated backbone or bound to the backbone in a manner that preserves conjugation. By making
these hybrid closed-shell-open-shell macromolecules, initial efforts have been able to implement
them as electrode materials in batteries (125, 126) and identify key design aspects that must be
considered to have high-performance materials (127). This simple example highlights the true
potential of radical-based materials. Moreover, the fact that small-molecule radical species have
previously been well characterized by the chemistry community (128, 129) allows the next
generation of researchers to exploit this solid foundation to synthesize designer materials for
specific energy applications in a fairly straightforward manner. However, one avenue of work has
not been addressed in this review, as it has not been given the attention it deserves by the
community as a whole.
Specifically, the computational design of radical-based energy conversion materials and the usage
of simulation packages to elucidate fundamental charge transfer properties have not occurred to a
great extent in the open-shell community. Although excellent efforts from the National Renewable
Energy Laboratory have begun to address these opportunities (130–133), creating a larger base of
researchers dedicated to these critical challenges is key for the continued success of radicalcontaining materials. For example, the predictive design of never-before-developed stable radical
species and their inclusion in either traditional radical polymers or conjugated radical polymers
would allow chemical and molecular engineers clear synthetic targets that have not been
envisioned to date. Although many other fields of chemistry, chemical engineering, and materials
science have benefited from the combined interactions of theory, simulation, and experiment,
energy storage and conversion applications based upon radical-containing systems have not joined
in this effort. Thus, addressing this opportunity could lead to significant and wide-ranging progress.

29
Despite this current gap in the community, the future of radical-based materials for energy
conversion applications is quite promising. As frequently noted above, the primary chemical
motifs used in application have been relatively narrow in scope; thus, there is a clear opening to
make better devices through better chemical designs. Moreover, as the operational physics of the
materials and devices continues to be elucidated in full, it is anticipated that the unique properties
associated with lone-spin molecules will afford them a special place in the global energy landscape
revolution.
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A NONCONJUGATED RADICAL POLYMER GLASS
WITH HIGH ELECTRICAL CONDUCTIVITY†

3.1

Overview

Solid-state conducting polymers usually have highly conjugated macromolecular backbones and
require intentional doping to achieve high electrical conductivities. Conversely, single-component,
charge-neutral macromolecules could be synthetically simpler and have improved processibility
and ambient stability. We show that poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl), a
nonconjugated radical polymer with a subambient glass transition temperature, underwent rapid
solid-state charge transfer reactions and had an electrical conductivity of up to 28 Siemens per
meter over channel lengths up to 0.6 micrometers. The charge transport through the radical
polymer film was enabled by thermal annealing at 80° Celsius, which allowed for the formation
of a percolating network of open-shell sites in electronic communication with one another. The
electrical conductivity was not enhanced by intentional doping, and thin films of this material
showed high optical transparency.

3.2

Short Summary

Despite lacking crystallinity and conjugation, a redox-active radical polymer has an electrical
conductivity >20 S m-1 due to percolating pathways of electronically-communicating open-shell
sites within the thin film glass.

†

From Yongho Joo, Varad Agarkar, Seung Hyun Sung, Brett M. Savoie, Bryan W. Boudouris,
Science 359, 1391–1395 (2018). Reprinted with permission from AAAS.
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3.3

Main Text

Conducting polymers have relied on conjugated macromolecular backbones that are subsequently
chemically-doped to achieve high electrical conductivity values [e.g., poly(3,4-ethylene
dioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS)] (1, 2). Despite their
impressive electrical conductivity values (3, 4), certain aspects of these macromolecules are not
ideal. First, for some applications, optical transparency at visible wavelengths can be difficult to
achieve with extended conjugated backbones. Second, the syntheses of advanced conducting
polymers can be quite complicated with low yields. Third, chemical doping can depend on
processing and lead to performance variability, and the dopants can decrease the materials and
device stability.
Charge-neutral macromolecules that achieve relatively high electrical conductivity values
without doping could address some of these issues (5). Radical polymers (6) with nonconjugated
backbones and stable open-shell pendant groups (7, 8) can pass charge through a series of
oxidation-reduction (redox) reactions between the pendant open-shell sites (9). Because of the high
density of redox-active sites associated with these materials, they have had impact in myriad
energy storage and energy conversion applications (10-14). However, the highest solid-state
electrical conductivity value reported for radical polymers was ~10-2 S m-1 (15).
Despite the low reported conductivity values, the redox reactions that allow for charge
exchange between the pendant groups are rapid (16-18), so high conductivities should be possible
with appropriate molecular engineering of charge-transporting sites (19). We synthesized poly(4glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) (PTEO) using a ring-opening polymerization
methodology, which allowed all of the radical sites in the monomer to be conserved in the polymer.
Given its flexible macromolecular backbone and a near room temperature glass transition
temperature, Tg, its flow temperature is well below the degradation temperature of the
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macromolecule. Thermal annealing of the radical polymer thin film resulted in the formation of
percolating networks of radical sites in the solid state that were in electronic communication with
one another. This network formation occurred despite the amorphous nature of the polymer thin
film. We achieved a >1,000-fold increase in the electrical conductivity of PTEO relative to other
report values for radical polymers, and the ultimate conductivity of ~20 S m-1 is comparable to
commercially-available, chemically-doped conducting polymers.
We polymerized a monomer that contained an open-shell site directly, because
postpolymerization conversion of closed-shell pendant groups to open-shell forms rarely achieves
complete conversion and can lead to undesired byproducts (20, 21). We introduced a nitroxide
functionality by reacting epichlorohydrin with 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO-OH) in the presence of a base (Figure 3.1A). This small molecule, 4-glycidyloxy2,2,6,6-tetramethylpiperidine-1-oxyl (GTEMPO), was purified (Figure S1) to yield a well-defined
monomeric species (22) that was stable across a range of different temperatures (Figure 3.1B). In
the ring-opening polymerization protocol, a potassium tert-butoxide initiator generated the PTEO
macromolecule with a number-average molecular weight of 2.4 kg mol-1 (23). The high density of
radical sites present in the monomers were also present in the polymers (Figure 3.1C), within
experimental error, as determined by electron paramagnetic resonance (EPR) spectroscopy (24,
25). Moreover, no oxoammonium cation sites within either the monomer or polymer products,
which increase the electrical conductivity of other nitroxide-bearing radical polymers (26), were
detected by attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
(Figure 3.1D) at the characteristic frequency, ν, of 1,550 cm-1.
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Figure 3.1 Controlling and monitoring the amount of open-shell sites in radical polymers is a key
objective in the design of high conductivity open-shell macromolecular species. (A) The monomer
synthesis and ring-opening polymerization-based synthetic scheme utilized to generate the PTEO
radical polymer. (B) The constant radical density (note the overlapping nature of the spectra
acquired at different temperatures) of the PTEO macromolecule in chloroform solutions as a
function of temperature, as determined by EPR spectroscopy. A photograph of the recrystallized
monomer is inset into the figure. (C) The ATR-FTIR spectra of the oxoammonium-based
TEMPOnium salt, the GTEMPO monomer, and the PTEO polymer indicating the absence of the
oxoammonium cation signal in either the monomer or radical polymer used in this work. (D) The
EPR spectroscopy signal of a radical polymer thin film showing a classic Lorentzian shape, which
is indicative of significant radical-radical interactions in the solid state.
Identifying these dopants at the levels that can impact charge transport can be difficult with
standard chemical characterization methodologies. Thus, while these data suggest that no dopants
are present in the ~0.1% (by weight) level, we cannot definitely state that there are no
oxoammonium cation (or other dopant) sites present at lower levels. For this relatively low
molecular weight of PTEO, the main nitroxide interactions would be between neighboring chains
in a thin film. A density functional theory (DFT) characterization of the orientational dependence
of TEMPO interactions revealed multiple favorable pairing configurations (Figure S2) with
interaction energies on the order of –4 kcal mol-1 (–0.17 eV). These interaction energies, an order
of magnitude greater than the thermal energy, would result in nitroxide separations between 4 and
6 Å (Figure S3).
High electrical conductivity requires a relatively low Tg, so that the material can be
annealed in the molten state and away from the degradation temperature of the radical pendant
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groups. The bulky nitroxide-containing substituent of the PTEO prevented crystallization of the
polymer chains (Figure S4) and resulted in a Tg of ~20 °C (Figure 3.2A), well below the ~150 °C
onset of degradation for PTEO (Figure 3.2B). Thermal processing below 100 °C (Figure 3.2C)
allowed us to create percolating nitroxide networks for charge transport between electrodes, which
has not been seen for other systems due to the high Tg of most radical polymers, and this inability
to process radical polymer thin films appropriately has contributed to reports of extremely low
electrical conductivity values for nitroxide-based radical polymers (27).

Figure 3.2 PTEO flow, thermal, and percolation properties. (A) The glass transition temperature
at ~20 °C for the PTEO macromolecule is clear and there is no melting or crystallization transition.
(B) The onset degradation temperature of PTEO is ~150 °C. (C) No degradation of PTEO was
observed when the material is held at 80 °C for 2 h. (D) Percolation behavior as a function of
radical density and annealing summarized from the Monte Carlo simulations. The average values
are shown as solid lines and standard deviations are shown as the shaded regions. Typical
configurations for the (E) unannealed and (F) annealed films at a radical density of 2.5 × 1021 cm3
. Independent networks are drawn with different colors and any networks comprised of less than
five molecules is rendered gray and transparent. For example, in (F) almost all of the nitroxide
groups are colored navy blue indicating that there is one large continuous percolation network for
charge transport after annealing has occurred.
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We modeled radical network formation in PTEO with Monte Carlo (MC) simulations of
the annealing process using a Hamiltonian parameterized by DFT calculations and with an implicit
treatment of the polymer (see Appendix B Supplementary Materials). The configurations were
then processed to characterize the radical networks and their degree of percolation () according
to the following equation.
1

𝛽 = 3 (𝑠𝑥 + 𝑠𝑦 + 𝑠𝑧 )

(Equation 1)

Here, si is the span of the largest network in each lattice dimension, with  ranging from 0 (no
percolation) to 1 (complete percolation across the lattice). The simulations revealed a dramatic
effect of annealing on the percolation behavior at all radical densities. Random distributions of the
radical groups (i.e., an amorphous as-cast film) did not form percolating networks (Figure 3.2D).
Only after annealing did discontinuous subnetworks (Figure 3.2E) combine through aggregation
to form percolating networks (Figure 3.2F). Moreover, only above a critical radical density could
percolating networks form at all (vide infra).
We monitored this transition for PTEO from the low charge transport regime (~10-9 S m-1)
to the high charge transport regime (~10 S m-1) in real time as the material crossed from the asspin-coated glassy state (i.e., the thin film was cast at ~20 °C) into liquid-like molten state (Figure
3.3A). In order to evaluate charge transport in this quenched state, the films were transferred to an
inert atmosphere vacuum probe station and held at a temperature of 100 K. Heating of the sample
occurred inside of the inert atmosphere vacuum probe station in order to capture the charge
transport ability at low temperatures prior to bringing the PTEO thin films near Tg, so the changes
in conductivity appear to be caused by changes in the nanoscale structure as opposed to changes
in chemical oxidation. In these experiments, the sample was allowed to reach the desired
temperature and held at that temperature for 30 minutes prior to collecting the electrical data. Then,
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the temperature of the sample was moved to the next temperature. Moreover, in a separate
experiment, replicate devices were annealed at 80 °C for 2 hours in inert atmosphere conditions
but without evaluating their low-temperature electrical properties (i.e., without the “1st Heating”
scan in Figure 3.3A), and the conductivity of thin films processed in this manner began and
remained at ~10 S m-1 (i.e., in the same manner seen for the “2nd Heating” scan of Figure 3.3A),
indicating that ordering was occurring though thermal annealing (Figure S5).

Figure 3.3 PTEO conducts charge after annealing has occurred. (A) Electrical conductivity as a
function of temperature for PTEO in a 0.5 μm channel. Real-time annealing of the thin film
allowed for local order to appear within the film such that the electrical conductivity was altered
by ten decades. (B) Above the glass transition temperature, there is thermally-activated transport
while (C) below the glass transition temperature the electrical conductivity is temperature
independent. The data points represent the average value measured for 4 different PTEO films,
and the error bars represent the standard deviation from this average. If no error bars are present,
the error is within the size of the point.
Once local order was created within the melt, it was retained as the thin film was cooled
back into the glassy state, and this enabled rapid charge transport at room temperature both for
cooling (red squares) and heating (blue triangles) of the thin film. Above Tg, thin films displayed
thermally-activated transport with an activation energy of ~90 meV (Fig. 3B), consistent with the
increased molecular motion. Moreover, as has been observed with other radical polymers (22, 26,
28), the transport was independent of temperature below Tg (Figure 3.3C).
To study the role of defects, such as impurities or traps, we performed a fragility analysis
on the annealed MC networks by removing a random distribution of the TEMPO sites from the
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annealed MC networks (i.e., those shown in Figure 3.2, D to F) and recalculating the percolation
behavior (Figure 3.4A). Defect introduction has adverse effects at all TEMPO densities, but was
most sensitive near a TEMPO density of ~1.7 × 1021 cm-3. We estimate that the TEMPO number
density in PTEO is at least 1.75 × 1021 cm-3, based on previous characterizations of chemicallysimilar polymers (29), so our PTEO films should be strongly sensitive to the levels of defect
incorporation and film processing. Over long enough length scales, defects will render the
networks non-percolative. Given the length scale limitations of our simulations, we can place a
lower limit for the percolation length scale of ~20 nm for radical densities greater than 1.75 × 1021
cm-3.

Figure 3.4 The charge transport behavior of radical polymers is dictated by percolating domains
of paired nitroxide groups. (A) Fragility analysis performed on the annealed networks of as a
function of radical density and defect density. (B) The electrical conductivity at T = 350 K for
PTEO as a function of channel length (black squares) shows that these localized domains were
less than or equal to 600 nm in size in experimental practice. The data points represent the average
of the measurements conducted on 4 different devices of that channel length, and the error bars
represent one standard deviation from this average. If no error bar is shown, the error is within the
size of the point. Equivalent experiments were performed with PEDOT:PSS (red quares) serving
as the channel material, and there is almost no dependence on the conductivity as a function of
channel length. The inset shows a scanning electron microscopy (SEM) image of a typical channel
used in these studies showing the spacing between the gold electrode contacts prior to film
deposition.
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The lack of crystallinity in these amorphous conductors made it difficult to experimentallydetermine the length scale at which the percolation of nitroxide groups ended. We estimated the
size of high-charge transport domains by changing the lengths between the two electrodes (Figure
3.4B). At channel lengths > 0.7 μm, the conductivity was low, ~10-4 S m-1 (21, 26). However, for
channel length of 0.6 μm or less, the conductivity reached ~20 S m-1. These data suggest that the
nitroxide percolation network had a characteristic length scale of ~600 nm. Thus, if the high-charge
transport domains do not bridge across the electrodes, the transport is limited by the low charge
transport domains. Bare channels and those containing polystyrene (PS), were fabricated and had
conductivities below the detection limit (i.e., < 10-12 S cm-1) of our system (Figure S6). Similar
experiments performed with PEDOT:PSS showed some contact resistance, but otherwise
exhibited high conductivity across this length-scale range, as expected, and the variation of its
higher electrical conductivity for the same channel lengths was only two-fold (Figure 4.4B).
We evaluated how the chemical nature of the thin films impacted the observed transport
behavior. When the radical group within the PTEO repeat unit was intentionally quenched to form
the N-OH functionality (PTEO-OH), the electrical conductivity for the 0.5 μm channel decreased
to ~10-7 S m-1 (Figure S7A). In order to form an electron donor-acceptor system within the radical
polymer thin film, we intentionally doped the PTEO film with 4-acetamido2,2,6,6-tetramethyl-1oxopiperidinium tetrafluoroborate (TEMPOnium) at a high loading (10%, by weight) (26). This
intentional doping had little impact on the ultimate electrical conductivity of the film, and the
conductivity showed the same marked increase after thermal annealing as was observed for the
undoped system (Figure S7B). Moreover, making composite blends of PTEO and PTEO-OH at
channel lengths of 0.5 μm allowed for experimental verification of the computational fragility
analyses shown in Figure 3.4A. That is, for thin films that conained >90% (by weight) PTEO, the
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electrical conductivity was ~10 S m-1, as expected; however, when >20% (by weight) of the
polymer composite was composed of inactive PTEO-OH, the conductivity of the thin film fell to
~10-7 S m-1 (Figure S7C). Thus, charge exchange from the injecting electrode to the collecting
electrode depends on the ability of the nitroxide groups to form a percolating structure and not on
any inherent limitations of the radical self-exchange reactions.
Finally, the nonconjugated nature of the radical polymers led to weak absorption profiles
of the material both in solution and as thin films. That is, the solution absorption spectrum showed
the oft-observed signal for nitroxide-based radical polymers (Figure S8). However, the ~1 μmthick PTEO film showed only minimal absorption in the visible spectrum with ≥ 98% transmission
at wavelengths of λ ≤ 500 nm and 100% transmission at longer wavelengths. These thin films
maintained their high electrical conductivity over multiple weeks (Figure S9) when they were
exposed to ambient conditions. Thus, these radical polymer films present as relatively high
electrical conductivity materials with high optical transparency and ambient stability.
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A NEW CLASS OF TETRAZINE BASED OPEN-SHELL
MOIETIES: THE OXOVERDAZYLS

4.1

Introduction
The 6-oxoverdazyl (OV) moieties are a relatively new class of open-shell species based on

tetrazine structures i.e. the compound contains a six-member ring with four nitrogen atoms at
1,2,4,5- positions respectively as shown in the figure. (Figure 4.1) The unpaired electron in OVs
resonates between the two equivalent nitrogen atoms that are removed from the carbonyl group in
the tetrazine ring. Recently, this molecule has been of intense interest in several important studies
based on structure-property relationship. This moiety finds applications in molecular magnets,(1–
8) liquid crystalline materials,(3, 9–17) radical polymerization, and redox-active molecular
species.(18, 19) This project was conceptualized with the following goals:
1. Synthesize various OVs, each with a unique functional group at the 3- position to tune their
opto-electronic properties
2. Induce π-π stacking of the OVs to reduce the effective distance between two molecules
thereby facilitating the process of solid-state charge transfer amongst the open-shell species
in a transistor configuration
3. Incorporate such opto-electronically tuned π-π stacking moieties into a polymer backbone
to determine the electronic performance of the resulting novel polymer architecture

Figure 4.1 The chemical structure of a typical 6-oxoverdayl radical moiety. R’ and R’’ represent
any alkyl or aryl substituent on the nitrogen atoms at positions 1 and 5 respectively. X represents
any alkyl or aryl functional group on the carbon atom at the 3- position.

There are three possible routes for the synthesis of the OV molecules. Each route has its own set
of advantages and shortcomings, and are as follows:
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1. Synthetic route by Milcent and co-workers:(20) This route involved a step-wise
construction of the tetrazine ring with the provision for incorporation of different
substituents on the 1- and 5- position nitrogen atoms. A major drawback of this route was
its use of the hazardous and toxic phosgene gas.

Scheme 4.1 The synthetic route as shown by Milcent and co-workers allowing for inclusion of
different substituents on the nitrogen atoms at 1 and 5 positions respectively.
2. Synthetic route by Neugebauer and co-workers:(21) This methodology encompassed the
usage of relatively safer triphosgene compound. However, it could be used to synthesize
symmetric OVs bearing same substituents on the 1- and 5- position nitrogen atoms which
could be viewed as a drawback in terms of functional group installation. An advantage of
this route is the short synthetic protocol leading to a reduction in synthesis time.
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Scheme 4.2 The synthetic route as shown by Georges and co-workers which ensures formation
of symmetric 6-oxoverdazyl species.
3. Improved synthetic route by Georges and co-workers:(22) This protocol is by far the best
from a lab-safety point of view as it eschews the use of toxic and hazardous phosgene,
triphosgene, substituted hydrazines, and instead recommends use of carbohydrazide, a nontoxic compound. Thus, the four nitrogen atoms in the ring come from the carbohydrazide
alone.
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Scheme 4.3 The improved synthetic route by Georges and co-workers that encompasses use of
environmentally benign reagents such as carbohydrazide and other substituted aldehydes, and is
also safer from the point of view of lab safety
Route 3 was followed for the synthesis of OVs in this project owing to the inherent safe nature of
the protocol. The selected protocol involved certain challenges, as the route was modified to suit
the needs of the project which involved incorporation of certain unique functional groups at the 3position. The challenges encountered and the solutions implemented along with the
characterization technique used are discussed in the next subsection.
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4.2

Synthetic Challenges, Characterization and way forward
Georges and co-workers devised a relatively facile route for the synthesis of oxoverdazyl

precursors. It involved the following steps: condensation [formation of carbohydrazones (B)],
alkylation [conversion of carbohydrazones to their alkylated counterparts (C)], and cyclization
leading to formation of substituted tetrazinanones (D) [oxoverdazyl precursors]. (Scheme 4.3)
Oxidation of these tetrazinanones was instrumental in obtaining the final desired product viz. the
oxoverdazyls (E). (Scheme 4.3) Thus, the synthetic protocol meandered through four major unit
processes before yielding the desired open shell moieties with challenges being encountered in all
steps but first. Consequently, a few chemical reactions involved in the protocol were suitably
modified with the aid of previously published literature.
The condensation of the carbohydrazide (A) with substituted aldehydes proceeded easily
to yield the substituted carbohydrazones. The choice of methanol as reaction solvent best suited
the reaction as the condensation product was insoluble in methanol, leading to a facile separation
of the product by gravity filtration. The product was dried overnight in the vacuum oven and taken
forward for the next reaction- the alkylation step. The published reaction protocol carried out
alkylation of the carbohydrazones in presence of a strong base such as sodium hydride and a
suitable alkyl halide such as iodomethane, in anhydrous tetrahydrofuran. (Scheme 4.3) The
protocol prescribed slow addition of the strong base to the reaction mixture of the carbohydrazone
and alkyl halide in the reaction solvent followed by refluxing for four hours and quenching the
excess/ unreacted base by a suitable quenching agent such as methanol. However, on
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characterizing the product thus obtained using nuclear magnetic resonance (NMR) spectroscopy,
an aberration in terms of the compound peaks was observed. (Figure 4.2)

Figure 4.2 Peaks at 2.5 ppm and 3.4 ppm integrating to 3 protons each were observed leading to a
change in the route for the alkylation of the carbohydrazones.
On further analysis and discussions, the extra downfield peak in the spectrum was traced back to
the presence of a methyl group on the carbohydrazone oxygen. A possible explanation for the Oalkylation in addition to the N-alkylation is shown by the probable mechanism. (Figure 4.3)
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Figure 4.3 The probable mechanism explaining the formation of the O-alkylation as opposed to
the bis N-alkylation.
The next step was to scour the published literature for any reaction protocols, which could aid in
the conversion of the carbohydrazones to their alkylated version. A report(23) aimed at Nalkylation of hydrazones was found. It was decided to adapt these reaction conditions to suit our
needs. The stoichiometry of the reagents was adjusted accordingly and the reaction was carried
out in presence of a relatively milder base like sodium hydroxide in a polar solvent such as
dimethyl formamide. Formation of the desired intermediate compound was confirmed by the NMR
spectroscopy (and by matching the experimental and predicted spectra). (Figure 4.4) The product
thus obtained was dried in the vacuum oven overnight and taken forward for the subsequent step.
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Figure 4.4 Experimental NMR Spectrum of the methylated carbohydrazone in deuterated
chloroform. Inset: The expansion plot of the peaks in the phenyl region.
The next step in the radical precursor synthetic protocol was crucial for the formation of the
tetrazinanone ring. The acid catalyzed hydrolysis of one of the two hydrazone arms of the alkylated
carbohydrazones followed by attack of the other arm leads to cyclization and formation of the
substituted tetrazinanones. Carbohydrazide is an additive in this reaction that drives it forward in
accordance with the Le Chatelier’s principle. One unit of substituted aldehyde liberated during the
previously mentioned carbohydrazone hydrolysis is taken up by the carbohydrazide to form the
first intermediate compound- the non-alkylated carbohydrazone (B). Owing to meagre solubility
of the first intermediate in methanol (cyclization reaction solvent), it crashed out of the reaction
mixture, thus pushing the reaction towards completion. Some substituted alkyl carbohydrazones
were found to be insoluble in methanol. Hence, isopropanol was employed as reaction solvent in
such cases and the reaction was carried out as mentioned earlier. The cyclized compound thus
obtained was purified using silica column chromatography, dried in vacuum oven overnight and
taken forward for the oxidation step.
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The oxidation of the tetrazinanones was tried under several reaction conditions. However, the
ferricyanide-carbonate based chloroform/ water biphasic oxidation protocol was found to be best
suitable to this project. Sodium carbonate added to the reaction mixture causes deprotonation of
the tetrazinanones to form anions and the ferricyanide causes oxidation of these anions to the stable
open shell oxoverdazyl moieties. A report was published by our lab discussing such an oxidation
protocol.(24) The final desired oxoverdazyl moieties thus obtained were then characterized by
electron paramagnetic resonance (EPR) (Figure 4.5) and ultraviolet-visible (UV-Vis) (Figure 4.6).

Figure 4.5 EPR spectrum of the parent OV and the substituted OVs. OV-Br and OV-Me are the
OVs with 4’-bromo phenyl and 4’-methyl phenyl functional groups in the 3- position. The
concentration of the OV solutions was 1 mg mL−1 (solvent: Chloroform)
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Figure 4.6 The UV-Vis spectra of the parent OV and the substituted OVs. OV-Br and OV-Me are
the OVs with 4’-bromo phenyl and 4’-methyl phenyl functional groups in the 3- position. The
concentration of the OV solutions was 1 mg mL−1 (solvent: Chloroform)
Post the synthesis of a few initial compounds that would help us design a concrete hypothesis, and
armed with the EPR and UV-Vis data of the same, we set out on a path to determine what further
changes could be incorporated in our molecules to tune their optoelectronic properties. This led to
computational analysis of the substituted oxoverdazyls which is discussed in the next sub-chapter.

4.3

Computational analysis of oxoverdazyls and future work

The computational analysis is a powerful tool for prediction of trends, and for careful design of
molecules. The computational analysis of oxoverdazyls led to confirmation of the reports about
their molecular geometries and electron densities. (Figures 4.7- 4.9)
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F

G

H

Figure 4.7 The DFT optimized 6-oxoverdazyl structures showing the LUMOs of respective
molecules. (F) 3-phenyl-6-oxoverdazyl, (G) 3-(4’-bromophenyl)-6-oxoverdazyl, (H) 3-(4’methylphenyl)-6-oxoverdazyl
It is quite evident from the computational analysis that the substituted oxoverdazyl moieties are
planar and hence there is a potential for π-π stacking of these molecules. The stacking probability
can be possibly maximized by extending the planarity of the molecules. A reaction scheme is
shown here for the execution of this concept. (Schemes 4.4 and 4.5) An enhancement in the
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planarity of the molecule and a possible subsequent stacking of moieties may lead to an increase
in the electrical conductivity of the stable open-shell moiety in a transistor geometry.

Scheme 4.4 Scheme depicting the construction of an architecture aimed installation of a
combination of electron withdrawing and donating groups on either side of the OV tetrazine ring.
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Scheme 4.5 Scheme depicting the extension of the planarity of the OV members so as to induce
π-π stacking of the OV open-shell species.
In addition to accomplishing an improvement in the electrical properties of oxoverdazyls,
their optical properties too can be influenced by suitably altering the chemistry. It is observed from
the molecular orbital diagrams of the LUMO energy levels of various substituted oxoverdazyls
(Figures 4.7-4.9) that the electron density is partially delocalized over the tetrazinanone ring. The
electron density has a node at the C-3 position or at the carbon where the phenyl/ substituted phenyl
groups are attached to the tetrazinanone ring. Thus, there is some scope for alteration of optical
properties by installation of various aromatic/ substituted aromatic/ aliphatic functional groups on
the nitrogen atoms next to the carbonyl group.
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OTHER PROJECTS AND FUTURE WORK

5.1

Ligands for Open Shell Moiety based Perovskites

Perovskites are ordered structures involving either inorganic or organic-inorganic compounds as
their building blocks.(1, 2) They find applications in fabrication of solar cells and other
photovoltaic devices.(3–10) Several perovskites containing organic compound salts in association
their inorganic counterparts have been synthesized till now. However, perovskites with stable
open-shell moieties as their building blocks are still unknown. Hence, a novel idea of radical based
perovskites was conceptualized. It was decided to begin with 2,2,6,6-tetramethylpiperidinyl-Noxyl (TEMPO) moiety based perovskites owing to synthetic ease. TEMPO moiety was tethered to
a suitable amino acid bromide salt and the monomer thus formed was taken forward to synthesize
the ordered structure. The synthesis of the ligand is as shown in the scheme. (Scheme 5.1)

Scheme 5.1 The protocol for synthesis of TEMPO ester of 6-ammonium hexanoic acid bromide.
Dimethyl sulfoxide (DMSO) is used as a solvent to dissolve the inorganic bromide salt of 6-amino
hexanoic acid with catalytic amount of 4-N,N-dimethylamino pyridine (DMAP).
5.1.1 Ligand Synthesis- Challenges and Solutions
The synthesis of the TEMPO based perovskite ligands is a two-step process viz. formation of the
amino acid bromide salt followed by either esterification or amidation. The choice of the latter
step depends on the type of chemical anchor needed to attach the TEMPO moiety to the amino
acid. The selection is also dependent on the type of method employed for conversion of the ligand
into the perovskite structure. An ester linkage is preferred if the perovskite is synthesized using
the vapor diffusion method. On the other hand, an acid stable amide linkage is suitable when the
perovskite is crystallized out of hot and concentrated aqueous hydrobromic acid solution (48%
HBr).
Synthesis of TEMPO based ester and amide ligands was carried out using well known and
previously published Steglich esterification protocols.(11) The esterification involved use of the
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6-ammoniumhexanoic acid bromide (6-AHABr), 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-Noxyl (4-hydroxy TEMPO), N,N-dicyclohexylcarbodiimide (DCC), and 4-N,N-dimethylamino
pyridine (DMAP) as a catalyst in a suitable reaction solvent such as dimethyl sulfoxide (DMSO).
The reaction proceeded smoothly over a period of 24 hours. Dicyclohexylurea (DHU) formed as
a by-product of the reaction precipitated out of the solvent and was easily separated by filtration.
The reaction mixture thus obtained was then added to water and the precipitated TEMPO capped
ligand was extracted with ethyl acetate several times. The ethyl acetate layer was then washed with
brine solution and magnesium sulfate (MgSO4) was added to get rid of residual water from the
organic layer. Rotary evaporation of the organic solvent followed by overnight drying of the
compound in vacuum oven yielded the orange colored solid of the TEMPO ester capped ligand.
On the other hand, TEMPO amide capped ligand was synthesized by the amidation derivative of
the Steglich reaction. It was carried out by replacing the 4-hydroxy TEMPO with 4-amino
TEMPO. The reaction was run for 24 hours, however, DHU precipitation wasn’t observed and the
6-AHA was recovered on doing reaction work-up. Hence, upon further scouring the published
literature,(12) it was found that replacement of DMAP with hydroxy benzotriazole (HOBt) pushes
the reaction in the forward direction. The addition of HOBt to reaction mixture causes formation
of a complex that acts as a ‘better’ amine acceptor, thereby accelerating the amidation. This project
is currently in progress.

5.2

P3AT-b-PTMA block polymer synthesis

Our research group has shown previously that addition of an open-shell moiety to poly(3alkylthiophenes) causes a change in the electrical behavior of the semiconductor material. In a
transistor geometry, the semiconductor-radical solid-state mixture exhibit electrical characteristics
of a conducting material. (i.e. increase in current is directly proportional to the increase in the
voltage) Hence, a novel idea of incorporation of the dopant moiety in a conjugated alkyl thiophene
polymer was thought of, and thus the multi-step synthetic protocol of poly(3-dodecylthiophene)b-poly(2,2,6,6-tetramethylpiperidinyl-N-oxyl methacrylate) [P3DDT-b-PTMA] was established.
(Scheme 5.2)
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Scheme 5.2 The multi-step reaction protocol for the synthesis of the P3DDT-b-PTMA block
polymer project. ATRP stands for atom transfer radical polymerization.
As shown in the scheme, the synthetic protocol for the block polymer commences with the
synthesis of the 3-dodecylthiophene. Magnesium metal was inserted in carbon-halogen bond in 1bromododecane to yield the corresponding Grignard reagent in anhydrous tetrahydrofuran (THF).
Addition of 3-bromothiophene along with a suitable nickel catalyst to the Grignard in THF resulted
in the formation of 3DDT. Purification of 3DDT was done using silica gel chromatography
employing hexanes as the eluent. The product was dried overnight in vacuum oven and taken
forward for the next step. Bromination of 3DDT followed by Grignard metathesis polymerization
led to the formation of the P3DDT. The P3DDT thus formed was end functionalized by Suzuki
coupling with a suitable hydroxy boronic acid. Soxhlet extraction was performed after synthesis
of both, P3DDT and end functionalized P3DDT.
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The next step involves esterification of the P3DDT-OH with 2-bromo-2-methylpropanoyl bromide
followed by an atom transfer radical polymerization (ATRP) with 2,2,6,6-tetramethylpiperidine
methacrylate (TMPM) to yield P3DDT-b-PTMPM. This multistep reaction protocol ends with the
3-chloroperoxybenzoic acid mediated oxidation of P3DDT-b-PTMPM to P3DDT-b-PTMA. This
project is currently in progress.
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